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The optical clarity of the lens is ensured by the programmed removal of nuclei and other organelles from the lens fibre cells
during development. The morphology of the degenerating nuclei is similar to that observed during apoptosis and is
accompanied by DNA fragmentation. Proteins encoded by the bcl-2 proto-oncogene family are important in either
romoting or inhibiting apoptosis, and caspases are involved in downstream proteolytic events. Here, the expression of bcl-2
amily members (bcl-2, bax, bad, and bcl-xs/l) and caspases-1, -2, -3, -4, and -6 was investigated through a range of stages of
chick lens development using immunocytochemistry, Western blotting, and affinity labelling for caspases using biotinyl-
ated caspase inhibitors. Using differentiating lens epithelial cell cultures, it was demonstrated that the addition to cultures
of synthetic peptide inhibitors of caspases -1, -2, -4, -6, and -9 brought about a 50–70% reduction in the number of
degenerating nuclei per unit area of culture, as assessed by image analysis. These effects were comparable to those seen
when general inhibitors of caspases were added to cultures. On the other hand, inhibitors of caspases-3 and -8 were not
effective in significantly reducing the number of TUNEL-labelled nuclei. Expression of the caspase substrates poly(ADP-
ribose) polymerase (PARP) and the 45-kDa subunit of DNA fragmentation factor (DFF 45) was also observed in the
developing lens. Western blots of cultures to which caspase inhibitors were added revealed alterations in the PARP cleavage
pattern, but not in that of DFF. These results demonstrate a role for members of the bcl-2 family and caspases in the
degeneration of lens fibre cell nuclei during chick secondary lens fibre development and support the proposal that this
process has many characteristics in common with apoptosis. © 1999 Academic Press
Key Words: chick; embryo; lens; development; bcl-2 family; caspase; apoptosis; denucleation; secondary lens fibre;
poly(ADP-ribose) polymerase; DNA fragmentation factor.
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In the equatorial region of the vertebrate lens, epithelial
cells differentiate into secondary lens fibre cells both during
embryonic development and in the adult. The differentia-
tion of the secondary lens fibre cells is accompanied by a
number of important changes, including alterations in cell
shape, massive synthesis of lens-specific proteins (crystal-
lins), and organelle loss (Piatigorsky, 1981; Wride, 1996).
The developmentally programmed loss of nuclei during
secondary lens fibre differentiation has been demonstrated
both in vivo and in vitro in a number of different species,
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142ncluding bovine (Dahm et al., 1998), primate (Bassnett,
997), rodent (McAvoy and Richardson, 1986), and avian
Chaudun et al., 1994; Bassnett and Mataic, 1998; Wride
nd Sanders, 1998) lenses.
The programmed removal of nuclei and other organelles
esembles in many respects apoptosis or programmed cell
eath (Wride, 1996; Lang, 1997; Counis et al., 1998). How-
ver, unlike the situation in apoptosis, in which the
poptotic cell is removed by macrophages or macrophage-
ike cells (Sanders and Wride, 1995), the lens cells that lose
heir organelles persist throughout the lifetime of the
rganism. The highly ordered spatiotemporal removal of
uclei and organelles is of fundamental importance to the
unction of the mature lens, since it leads to the formation
f a transparent region at the centre of the lens that has
een termed the organelle-free zone (Bassnett and Mataic,
997). Indeed, disturbances in the programmed removal of
0012-1606/99 $30.00
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143Caspases and bcl-2 Family Members in the Lensorganelles during lens development can lead to congenital
cataracts in a number of species, including humans (re-
viewed in Dahm et al., 1998).
A number of studies have characterised the programme of
uclear degeneration during lens development. The early
tudies by Modak and collaborators were particularly infor-
ative in this regard. In a series of reports, this group
emonstrated that, as secondary lens fibre nuclei proceed
hrough their characteristic morphological changes (which
hese authors termed pyknosis), the DNA undergoes frag-
entation (Modak et al., 1969; Modak and Perdue, 1970).
oreover, fragmenting lens fibre DNA can be labelled
sing calf thymus terminal deoxynucleotide transferase to
ncorporate labelled nucleotides (Modak and Bollum, 1970,
972) in a reaction similar to the TUNEL reaction for
abelling apoptotic nuclei (Gavrieli et al., 1993). In addition,
hen run on an agarose gel, secondary lens fibre DNA
xhibits a pattern of low-molecular-weight fragments of
iscrete sizes that is similar to that observed when DNA
rom apoptotic cells is run on a gel (Appleby and Modak,
977). Indeed, the disappearance of chromatin in the devel-
ping lens has subsequently been shown to be characterised
y many of the same biochemical hallmarks that charac-
erise apoptotic cells, including the activation of a number
f nucleases (reviewed by Counis et al., 1998).
Much recent work in the apoptosis field has focused on
wo families of molecules that are vital components of the
poptotic pathway. These are molecules belonging to the
cl-2 and caspase families (Thornberry and Lazebnik, 1998;
dams and Cory, 1998).
The bcl-2 gene is the prototype member of an expanding
amily of related apoptosis regulatory molecules that are
xpressed within various intracellular membranes, includ-
ng the outer mitochondrial membrane, the endoplasmic
eticulum, and the nuclear envelope (Kroemer, 1997; Ad-
ms and Cory, 1998; Green and Reed, 1998). Members of
he bcl-2 family may act as death antagonists (e.g., bcl-2,
cl-xl, bcl-w, and mcl-1) or as death agonists (e.g., Bax, Bak,
cl-xs, and Bad; reviewed by Kroemer, 1997). Bcl-2-related
proteins possess variable numbers of bcl-2 homology re-
gions and these domains determine their ability to interact
with and functionally antagonise each other, thereby regu-
lating cell death. These events are upstream of the effector
proteases (caspases; see below), but downstream of the
apoptosis signalling events that occur in response to cyto-
kine binding to cell surface receptors, trophic factor with-
drawal, or toxic insults (Chao and Korsmeyer, 1998).
There are at least 10 genes encoding proteins related to
interleukin-1b-converting enzyme (ICE; Yuan et al., 1993)
and these have been termed caspases to reflect the fact that
these molecules use a cysteine protease mechanism to
cleave proteins at aspartic acid residues (Alnemri et al.,
1996). Members of this family include caspase-1 (ICE),
caspase-2 (ICH-1, NEDD2), caspase-3 (CPP32, Yama, ap-
opain), caspase-4 (ICErel-II, TX, ICH-2), caspase-5 (ICErel-
III, TY, ICH-3), caspase-6 (Mch2), caspase-7 (Mch3, ICE-
LAP3, CMH-1), caspase-8 (FLICE1, MACH1, Mch5),
Copyright © 1999 by Academic Press. All rightcaspase-9 (ICE-LAP6, Mch6), and caspase-10 (FLICE2,
Mch4; Kidd, 1998). Caspases function in a cascade (Cryns
and Yuan, 1998) such that proteolytic activation of regula-
tory caspases (e.g., caspase-8, -9, and -10) results in activa-
tion of downstream effector caspases (e.g., caspase-3, -6, and
-7) and cleavage of caspase substrates, such as poly(ADP-
ribose) polymerase (PARP), lamins (Cohen, 1997), and the
DNA fragmentation factor (DFF; Liu et al., 1997). The
proteolytic activity of caspases can be inhibited by syn-
thetic molecules that mimic the substrate cleavage sites of
the caspases (Kidd, 1998).
Recently, two reports have suggested that members of the
bcl-2 and caspase families may have roles in the regulation
of secondary lens fibre cell denucleation in rats and mice
(Fromm and Overbeek, 1997; Ishizaki et al., 1998). Fromm
and Overbeek made transgenic mice overexpressing bcl-2 in
their lenses and demonstrated that, along with disturbances
of lens development such as disorganised fibre cells, the
central lens fibres contained intact or fragmented nuclei,
suggesting that bcl-2 overexpression had interfered with the
process of lens fibre cell denucleation. Moreover, Ishizaki et
al. showed that a synthetic general inhibitor of caspases
(Z-VAD-FMK) was effective in reducing the extent of
nuclear degeneration in an in vitro model of rat lens fibre
differentiation and that cleavage of PARP was also greatly
reduced in cultures to which the inhibitor had been added.
We have recently demonstrated that an avian tumour
necrosis factor-a (TNFa)-like molecule and TNF receptors
are expressed in the developing chick lens and that TNFa
and antibodies to TNFa are able to modulate the extent of
uclear degeneration in lens fibres differentiating in vitro
Wride and Sanders, 1998). We now extend these observa-
ions, by demonstrating the expression of bcl-2 and the
elated proteins bax, bad, and bcl-xs/l in chick embryo lenses
using immunohistochemistry and Western blotting. Using
a combination of immunohistochemistry and affinity label-
ling using biotinylated caspase inhibitors, we demonstrate
the expression of several different caspases in the develop-
ing chick embryo lens. In addition, in lens epithelial cell
cultures, using specific, cell-permeable inhibitors of
caspases-1, -2, -3, -4, -6, -8, and -9 and two general caspase
inhibitors, we show that various caspases appear to have
different relative roles in lens fibre cell denucleation in
chick embryos. Finally, immunostaining for the caspase
substrates PARP and DFF is described and the effects of
addition of caspase inhibitors to cultures on the expression
and cleavage of these substrates are investigated.
MATERIALS AND METHODS
Preparation of Lenses
White Leghorn hens’ eggs were incubated at 38°C in a humid
chamber. Lenses were removed from embryos with the vitreous
attached at embryonic days (EDs) 8, 12, and 16 using electrolyti-
cally sharpened tungsten needles. Lenses were fixed in 4% parafor-
maldehyde (PFA) in phosphate-buffered saline (PBS) for 3 h and
s of reproduction in any form reserved.
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144 Wride, Parker, and Sandersstored at 4°C in PBS. ED 8 lenses were used because this represents
a period of development before nuclear degeneration begins, while
ED 12 is the period when nuclear degeneration begins. By ED 16
there is a clear organelle-free zone at the centre of the lens and
nuclear degeneration is occurring in a boundary region between the
core and the outer secondary lens fibres (Bassnett and Mataic, 1997;
Wride and Sanders, 1998).
Gelatin Embedding of Lenses
Lenses were incubated in a 6.5% solution of gelatine (300 bloom;
Sigma) for 2 h at 35–40°C and were then added to a mixture of
16.7% gelatine and 20% glycerol in plastic moulds at 45–50°C. The
gelatine/glycerol blocks containing the lenses were then allowed to
harden at room temperature, trimmed to approximately 7.5 3 7.5 3
.5 mm using a sharp scalpel blade and fixed overnight in 4% PFA
t 4°C. Blocks were trimmed to within 2–3 mm of the lens,
ounted on the chuck of a Leica VT-1000s Vibratome, and
ectioned at 40 mm in the midsagittal plane at the slowest speed
and maximum amplitude. Lens slices were then collected sequen-
tially and transferred to PBS in successive wells of a 96-well plate.
Antibodies
The following antibodies to bcl-2 family members were used in
these experiments (all were from Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA): rabbit anti-mouse/rat/human bcl-2 (N-19), rabbit
anti-mouse/rat/human bax (P-19) or (I-19), rabbit anti-mouse/rat/
human bcl-xs/l (L-19), and rabbit anti-mouse/rat bad (C-20). Anti-
bodies to caspases were also obtained from Santa Cruz Biotechnol-
ogy, Inc., and were as follows: rabbit anti-mouse caspase-1/ICE
(M-20), goat anti-mouse/rat caspase-2/NEDD2 (N-19), goat anti-
mouse/rat caspase-3/CPP32 (L-18), goat anti-mouse caspase-4/TX
(K-19), and goat anti-mouse caspase-6/mch2 (K-20). In addition, a
monoclonal antibody to mouse caspase-3/CPP32 was obtained
from Transduction Labs (KY). Antibodies to caspase substrates
were obtained from Santa Cruz Biotechnology, Inc., and were as
follows: goat anti-mouse PARP (A-20), recognising the 112-kDa
uncleaved form of PARP and the 80- and 20-kDa cleavage products,
and an antibody to goat anti-human DFF45 (C-19), recognising the
C-terminal end of the 45-kDa subunit of DFF. When antibodies
from Santa Cruz Biotechnology, Inc., were used, controls were
performed by preabsorption of antibody with the relevant control
peptide supplied by the manufacturer. In the case of anti-caspase-3
(Transduction Labs), mouse IgG at the same concentration as the
antibody was used as a control. Antibodies to chick b- and
d-crystallins were a gift from Dr. J. Piatigorsky, National Eye
Institute (Bethesda, MD), and for these antibodies nonimmune goat
serum at the same dilution as that used for immune serum was
used as control.
Staining of Lens Slices
Lens slices were incubated for 30 min with 3% H2O2 to quench
ndogenous peroxidase, washed once in PBS, and incubated for 30
in with 10% rabbit or goat serum (goat serum was used for
ntibodies made in rabbit and rabbit serum for antibodies made in
oat) in PBS containing 0.4% Triton X (PBST). Excess serum was
rawn off and primary antibodies were added at the desired
oncentrations (all antibodies were used at final concentrations
etween 0.5 and 1.5 mg/ml) in 1% rabbit or goat serum in PBST.
Slices were incubated overnight at 4°C with the antibodies and
e
o
Copyright © 1999 by Academic Press. All rightthen washed in PBS (4 3 5 min). Biotin-conjugated secondary
ntibody (Vector Laboratories) was added for 1 h at room tempera-
ure at a dilution of 1:200 in PBST containing 1% rabbit or goat
erum. Slices were washed in PBS as before and incubated for 1 h at
oom temperature with the Vectastain ABC reagent in PBST
ontaining 1% rabbit or goat serum. Slices were then stained using
,39-diaminobenzidine (Sigma) plus ammonium nickel sulphate.
ome slices were washed in PBS overnight and incubated with
nti-chick d-crystallin at a dilution of 1:100 for 1 h at room
temperature. Subsequently, these slices were incubated with
phosphatase-conjugated rabbit anti-goat IgG and stained red using
Fast red (Sigma). Slices were then transferred to Suprafrost/Plus
microscope slides (Fisher Scientific) and mounted in Mowiol (Har-
lowe and Lane, 1988). After the Mowiol had hardened overnight,
the mounted slices were photographed and scanned into Adobe
PhotoShop and labelled using Adobe Illustrator.
Lens Epithelial Cell Culture
Chick embryo lens epithelial cell cultures were prepared accord-
ing to the method of Menko et al. (1984) with modifications as
described previously (Wride and Sanders, 1998). Fixation of cul-
tures, TUNEL labelling of nuclei undergoing DNA fragmentation,
and b-crystallin staining of cultures were carried out as described
reviously (Wride and Sanders, 1998).
Addition of Caspase Inhibitors to Lens Epithelial
Cell Cultures
The following caspase inhibitors (Calbiochem) were used in
these experiments: caspase-1 inhibitor I (YVAD-CHO); caspase-2
inhibitor I (Z-VDVAD-FMK); caspase-3 inhibitor II (Z-DEVD-FMK);
caspase-4 inhibitor I (Ac-LEVD-CHO); caspase-6 inhibitor I (Z-
VEID-FMK); a general caspase inhibitor (Z-VAD-FMK), which
inhibits caspases-1, -3, -4, and -7; and as a negative control
cathepsin B inhibitor I (Z-FA-FMK). The following caspase inhibi-
tors were obtained from Enzyme Systems Products, Inc. (Dublin,
CA): an additional general caspase inhibitor (Boc-D-FMK), which
inhibits all caspases by blocking the aspartate cleavage site present
in all caspases; caspase-8 inhibitor (Z-IETD-FMK); and caspase-9
inhibitor (Z-LEHD-FMK). All inhibitors were dissolved in dimethyl
sulphoxide (DMSO) at a concentration of 25 mM, aliquoted, and
stored at 220°C. Caspase inhibitors were added to cultures in fresh
medium 199 containing 10 mg/ml bovine insulin (Sigma). In early
experiments, a range of concentrations of inhibitors was used and
it was determined that the most effective final concentration was
50 mM. Thus, in all of these experiments, inhibitors were added to
ultures to give this final concentration. Medium 199 containing
nhibitors was replaced daily for each of the 3 days of culture.
Image Analysis
Image analysis of cultures stained for TUNEL and b-crystallin
as carried out as described previously (Wride and Sanders, 1998)
sing the Leico 2000 image analysis system. The number of
UNEL-labelled nuclei increased through the period of culture and
eached a maximum at approximately 3 days when cells were
ultured on Matri-Gel (this was considerably faster than in rat lens
pithelial cells differentiating in culture; Ishizaki et al., 1998).
efore image analysis was carried out, the cultures for a single
xperiment were encoded, so that the measurement of the number
f labelled nuclei per unit area could be performed “blind.” After
s of reproduction in any form reserved.
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145Caspases and bcl-2 Family Members in the Lensthe measurements were made, the cultures were decoded. In each
experiment, the effect of the inhibitor was compared with the value
of the number of nuclei per unit area for the control cultures to
which DMSO alone had been added. Thus, a percentage of control
value could be obtained for each caspase inhibitor. The degree of
significant difference between control cultures and those to which
inhibitor was added could then be determined using the paired
Student t test.
Polyacrylamide Gel Electrophoresis (PAGE)
and Western Blotting
PAGE and Western blotting were carried out using standard
procedures as described previously (Wride and Sanders, 1998). At
the end of the 3-day incubation period with caspase inhibitors,
cultures were scraped from the dish and homogenised in protease
inhibitor buffer. Protein from the same culture was used for
Western blotting of both PARP and DFF. To confirm that the same
amount of protein was added to gels, nitrocellulose sheets on
which blots for PARP and DFF had been performed were stripped
and reprobed using antibodies to d-crystallin.
Affinity Blotting for Caspases
Affinity labelling of caspases, using biotinylated caspase inhibi-
tors (biotin-VAD-FMK, recognising caspases-1, -3, -4, and -7 (Cal-
biochem), and biotin-DEVD-FMK, recognising caspase-3 (Enzyme
Systems Products, Inc.)), was carried out as follows. Biotinylated
inhibitors were dissolved in DMSO at 10 mM concentration and
were incubated for 5 min at 37°C with 20 mg of protein of lens
omogenates derived from ED 8, 12, and 16 lenses through a range
f final concentrations (5, 25, 50, and 100 mM). The optimal
concentration for labelling of caspases while maintaining low
background was 50 mM; therefore, all results presented here were
obtained using this concentration. Subsequently, samples were
loaded to a 12.5% polyacrylamide gel. Negative controls were
performed by incubation of lens homogenates in DMSO alone or
homogenates were preincubated with 1000 mM unbiotinylated
eneral inhibitor or unbiotinylated caspase-3 inhibitor for 10 min
t 37°C. Following this, proteins were transferred to a nitrocellu-
ose membrane, blocked in 3% skimmed milk, and then incubated
ith extravidin–peroxidase (Sigma). Positive bands were visualised
sing the ECL reaction (Amersham).
RESULTS
Expression of Members of the Bcl-2 Family
Immunocytochemistry. A number of members of the
bcl-2 family are expressed in the developing chick lens (Fig.
1). Immunoreactivity for bcl-2 (which is antiapoptotic) was
not observed in the lens at ED 8 (Fig. 1A). However, at ED
12, bcl-2 was expressed intensely throughout the core of the
lens (Fig. 1B), and this expression was reduced dramatically
in the ED 16 lens (Fig. 1C). Bax (which is proapoptotic) was
expressed extremely faintly in the secondary lens fibres that
surround the central fibres at ED 8. However, bax was
expressed in the core lens fibres in a distribution similar to
that of bcl-2 (Fig. 1E) at ED 12. Bax immunoreactivity
became intense throughout the core of the lens at ED 16
Copyright © 1999 by Academic Press. All rightFig. 1F), but was absent from the centralmost lens fibres.
ad (which is proapoptotic) was expressed faintly surround-
ng the central primary lens fibres at ED8 (Fig. 1G) and
ecame expressed in the core secondary lens fibres that
urround the central lens fibre cells at ED 12 (Fig. 1H). The
attern of expression of bad was similar at ED 16, when bad
mmunoreactivity was absent from the core of the lens and
as localised in the boundary region between the organelle-
ree zone at the centre of the lens and the more cortical lens
bre cells (Fig. 1I). Interestingly, bad immunoreactivity was
lso observed in the annular pad cells at their boundary
ith the lens epithelial cells (arrow, Fig. 1I). Bcl-xs/l (bcl-xs is
proapoptotic and bcl-xl is antiapoptotic; the antibody used
ere recognises both forms) was the only member of the
cl-2 family tested that showed intense labelling in the
econdary lens fibres that surround the central lens fibre
ells at ED 8 (Fig. 1J). Bcl-xs/l immunoreactivity was ob-
served in the core lens fibres at ED 12, but was absent from
central fibres at this stage (Fig. 1K). Bcl-xs/l was expressed at
ED 16 in a pattern similar to that of Bad in the lens fibre
cells (Fig. 1L), but it was not associated with the cells of the
annular pad. In all cases, preabsorption of antibody with the
appropriate control peptide abolished staining (not shown).
Western blotting. Western blots of whole lens homog-
enates at EDs 8, 12, and 16 also revealed spatiotemporal
patterns of expression of various members of the bcl-2
family (Fig. 2). Bcl-2 expression was revealed by the pres-
ence of a 26-kDa band. This band was observed at ED 8, was
most intense at ED 12, and was reduced in intensity at ED
16. Bax expression, as revealed by a 21-kDa band, was
enhanced at ED 16 compared to EDs 8 and 12. Bad expres-
sion was revealed by the presence of an approximately
23-kDa band. This band was intense at ED 8 and ED 12 and
was present, but reduced in intensity, at ED 16. The
antibody to bcl-xs/l recognises both the antiapoptotic long
form (bcl-xl; 30 kDa) and the proapoptotic short form
bcl-xs; 23 kDa) of this protein. Bcl-xl first became visible at
D 8, while at ED 12 bcl-xl and bcl-xs were both visible.
Finally, at ED 16, bcl-xs was the predominant form visible.
n all cases, preabsorption of antibody with the appropriate
ontrol peptide removed immunoreactive bands.
Expression of Caspases
Immunocytochemistry. Caspase-1 and caspase-3 immu-
noreactivity was observed on ED 16 lens slices (Figs. 3A and
3B). Immunoreactivity for caspase-1 was present in the
outer lens fibres, but not in the lens epithelial or annular
pad cells (Fig. 3A). Caspase-1 immunoreactivity was also
present in the core lens fibres of the lens at this stage (Fig.
3A). This expression pattern was similar to that of
caspase-3, but, unlike caspase-1, caspase-3 immunoreactiv-
ity was not present in the core of the lens (Fig. 3B). At ED 8,
there was no staining for caspase-1 or -3 in lenses, while at
ED 12 staining was present in the core lens fibres, but this
was not as intense as at ED 16 (data not shown). The
patterns of immunoreactivity for caspases-2, -4, and -6 were
s of reproduction in any form reserved.
t
sed in
146 Wride, Parker, and Sanderssimilar to that of caspase-3 (not shown). In all cases,
preabsorption of antibody with the appropriate control
peptide abolished staining (not shown).
Affinity blotting. Caspase expression was also revealed
in the lens using affinity labelling of lens homogenate with
biotinylated caspase inhibitors (Fig. 4A). This method relies
on the ability of biotinylated caspase inhibitors to co-
valently bind to the active sites within the large subunits of
caspases, thereby selectively labelling processed caspase
products (Takahashi et al., 1997; Hirata et al., 1998). Low
FIG. 1. Members of the bcl-2 family are expressed in the chick emb
of bcl-2, bax, bad, and bcl-xs/l in the chick embryo lens at ED 8, 12
he developing lens and, in the case of bad and bcl-xs/l, at the bounda
which have not yet lost their nuclei. Notice that bad is also expres
epithelial cells (arrowhead). Magnification bar, 1 mm.background levels of staining were observed upon addition
of 50 mM biotin-VAD-FMK to ED 8 lens homogenate (Fig.
Copyright © 1999 by Academic Press. All right4A), while at ED 12 an approximately 43-kDa band was
observed, probably representing pro-caspase-1. However,
when biotin-VAD-FMK was incubated with ED 16 lens
homogenate, an intense band was observed at approxi-
mately 20 kDa and the band at 43 kDa, although still
present, became fainter (Fig. 4A), which would indicate that
the 43-kDa pro-caspase-1 was cleaved to its active form.
Preincubation of lens homogenates with unbiotinylated
general caspase inhibitor (Z-VAD-FMK) abolished labelling
at all stages (Fig. 4A, Pre-Abs), while addition of DMSO
lens. Immunocytochemical evidence for spatiotemporal expression
16. These proteins are primarily expressed in the central core of
ne between the central organelle free zone and the outer lens fibres,
the annular pad cells at the boundary between them and the lensryo
, and
ry zoalone to homogenates similarly gave no labelling (Fig. 4A,
DMSO), thus confirming the specificity of the biotinylated
s of reproduction in any form reserved.
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control for each antibody is presented here).
in the central organelle-free zone. PARP distribution is similar to that o
well as in the lens epithelium. Magnification bar, 1 mm.
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Copyright © 1999 by Academic Press. All rightinhibitor for the caspase-like activities in the lens homog-
enate.
When the biotinylated caspase-3 inhibitor (biotin-DEVD-
FMK) was incubated with lens homogenate (Fig. 4A), a
32-kDa band, representing uncleaved caspase-3, was ob-
served at EDs 8, 12, and 16, while a 17-kDa band, represent-
ing the active form of caspase-3, appeared at ED 12 through
ED 16. This suggests that caspase-3 was activated in the
lens by cleavage at these stages. These bands were not
observed when homogenate was incubated with DMSO
alone (Fig. 4A, DMSO) or when homogenate was preab-
sorbed with unlabelled caspase-3 inhibitor (Fig. 4A, Pre-
Abs).
Western blotting. Western blots using antibodies to
caspases also revealed expression of caspases in the devel-
oping lens (Fig. 4B). Antibodies to caspase-1 revealed expres-
sion of an approximately 43-kDa band at ED 16 and this
band was present, but fainter at ED 8 and ED 12. A 20-kDa
band appeared at ED 12 and this was most intense at ED 16.
Antibodies to caspase-2 revealed an intense band at 43 kDa
at EDs 8, 12, and 16, representing the uncleaved caspase.
Potential caspase-2 cleavage products at lower molecular
bryo lens. At ED 16, caspase-1 is expressed in the outer lens fibre
ne, while caspase-3 has a similar distribution, but is not expressedFIG. 2. Western blotting reveals expression of members of the bcl-2
amily in chick embryo lenses. Bcl-2 expression is present at ED 8,
eaks at ED 12, and is virtually absent at ED 16, while bax expression
s absent at ED 8, increases slightly at ED 12, and peaks at ED 16. Bad
xpression is intense at ED 8 and ED 12, but is a fainter at ED 16.
cl-xs expression (at 23 kDa) is present at ED 8 and ED 12, but is
absent at ED 16. Bcl-xl expression (at 30 kDa) is absent at ED 8, peaks
at ED 12, and is fainter at ED 16. In each case, the presence of bands
was abolished when antibodies preabsorbed with the relevant controlFIG. 3. Caspases and caspase substrates are expressed in the chick em
cells and in the cells at the centre of the lens within the organelle free zof caspase-3, while DFF is expressed in the outer lens fibre cells as
s of reproduction in any form reserved.
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148 Wride, Parker, and Sandersweights were not observed on ECL long exposures using
this antibody (not shown). Western blotting, using a mono-
clonal antibody to caspase-3, revealed a band at 32 kDa,
FIG. 4. (A) Affinity blotting demonstrates activation of caspase
inhibitor (biotin-VAD-FMK) to lens homogenates reveals the presen
at ED 12, probably representing pro-caspase-1. At ED 16, an appro
caspase-1. Caspase activity is absent at ED 8 as revealed by a lack o
eveals caspase-3 activity at 32 kDa at all stages examined, while
roduct of caspase-3 is observed at ED 12 and ED 16. This 17-kDa
n each case is demonstrated by preabsorption of homogenates at E
ncubation of homogenates with DMSO. (B) Western blotting rev
ntibodies to caspase-1 reveal a 43-kDa band at ED 16 and this is re
t ED 12 and ED 16. Antibodies to caspase-2 reveal a band at 43 kD
ost intense at ED 12. In addition, the 17-kDa caspase-3 cleavage
6 kDa, is present at all stages examined and, in addition, there ar
wo to three at ED 12 and one to two at ED 16.which was most intense at ED 12 and represented the
uncleaved caspase. At EDs 12 and 16, a band was also
p
l
Copyright © 1999 by Academic Press. All rightresent at 17 kDa possibly representing a fragment of the
leaved caspase. The 28-kDa band on this blot could repre-
ent an unrelated protein or a slightly smaller variant of
ing chick lens development. Addition of 50 mM general caspase
f caspase activity. A large band is present at approximately 43 kDa
tely 20-kDa band is present and this probably represents cleaved
nity labelling. Addition of 50 mM biotinylated caspase-3 inhibitor
proximately 17-kDa band that could represent an active cleavage
is absent at ED 8. The specificity of the affinity labelling reaction
ED 12, and ED 16 with the relevant unbiotinylated inhibitor or by
expression of caspases-1, -2, -3, and -4 in chick embryo lenses.
in intensity ED 8 and ED 12. In addition, a 20-kDa band is present
all stages. Antibodies to caspase-3 reveal a 32-kDa band, which is
uct is also present in these blots at ED 12 and ED 8. Caspase-4, at
least four cleavage products at approximately 25–35 kDa at ED 8,s dur
ce o
xima
f affi
an ap
band
D 8,
eals
duced
a at
prodro-caspase-3. This is possible since Western blotting of
ens epithelial cell cultures, to which caspase-3 inhibitor
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149Caspases and bcl-2 Family Members in the Lenshad been added, with anti-caspase-3 removed the 17-kDa
band, but did not remove the 32- or 28-kDa bands (not
shown). Finally, Western blotting for caspase-4 revealed
several bands including three bands at approximately 56
kDa at all three stages examined. At ED 8 and ED 12, bands
between 25 and 35 kDa were also observed, which could
represent caspase-4 cleavage products. In all cases, preab-
sorption of antibody with the appropriate control peptide
removed immunoreactive bands. Similarly, immunoreac-
tive bands for caspase-3 were removed when nonspecific
mouse IgG was used as control.
Effect of Caspase Inhibitors on TUNEL Labelling
of Lens Epithelial Cell Cultures
We have used double labelling for b-crystallin to identify
lens fibre differentiation and TUNEL to label degenerating
nuclei in lens epithelial cell cultures. Using these tech-
niques, we have confirmed our previous observations
(Wride and Sanders, 1998) that TUNEL labelling in lens
epithelial cell cultures localises to lentoids (Fig. 5A), which
are the in vitro equivalent of lens fibre cells. Furthermore,
the various caspase inhibitors had different effects on the
number of degenerating nuclei per unit area in lens epithe-
lial cell cultures as assessed by image analysis (Fig. 5B).
Inhibitors to caspases -1, -2, -4, -6, and -9 were all able to
significantly (P , 0.01) reduce the extent of TUNEL label-
ling of degenerating nuclei in lens epithelial cell cultures
compared to control cultures incubated in DMSO alone.
The effects that were observed with these specific inhibi-
tors were comparable to those seen with the general caspase
inhibitors Boc-D-FMK and Z-VAD-FMK. However, there
was no significant inhibition of the number of TUNEL-
labelled nuclei observed when inhibitors of caspases-3 and
-8 were added to differentiating lens epithelial cell cultures.
A negative control for caspase inhibitors is the cathepsin B
inhibitor Z-FA-FMK and this had a slight, but less signifi-
cant (0.01 , P , 0.05) effect on the extent of TUNEL
labelling.
Expression of Caspase Substrates
Immunocytochemistry. PARP and DFF 45 were ex-
pressed in the developing chick lens at ED 16 as revealed by
immunocytochemical staining (Figs. 3C and 3D).
PARP immunoreactivity at the centre of the lens was
faint at ED 8, while an intense ring of PARP immunoreac-
tivity appeared at the boundary of the organelle-free zone at
ED 12 (data not shown). At ED 16, PARP immunoreactivity
was associated with the outer lens fibres in addition to the
annular pad cells and the lens epithelial cells, but PARP
immunoreactivity was not associated with the central lens
fibres (Fig. 3C).
Intense DFF 45 immunoreactivity was first observed in
the lens fibres at ED 8. It continued to be expressed
centrally at ED 12, but was most intense in a ring at the
boundary of the organelle-free zone at this stage (data not
Copyright © 1999 by Academic Press. All righthown). At ED 16, immunoreactivity for DFF 45 was found
hroughout most of the lens in the epithelial cells and
hroughout the lens fibres except at the very centre of the
ens (Fig. 3D). In all cases, preabsorption controls were
egative for staining (not shown).
Western blotting. The caspase substrates PARP and
FF 45 were expressed in the developing chick lens as
evealed by Western blotting (Fig. 6).
PARP expression at 112 kDa was virtually undetectable
t ED 8 and was faint at ED 12. However, at ED 16, PARP
xpression became visible at 112 kDa and PARP cleavage
roducts were observed at approximately 80 and 20 kDa and
here was a slight increase in the intensity of the 20-kDa
ands from ED 8 to ED 16. Preabsorption of anti-PARP
ntibody with control peptide abolished staining.
DFF 45 expression was faint at ED 8, while it appeared
ntensely at both ED 12 and ED 16 as a 30-kDa band,
epresenting a cleavage product of the 45-kDa subunit.
reabsorption of anti-DFF 45 antibody with control peptide
emoved the 30-kDa band. Bands at 45 kDa, representing
he uncleaved form of DFF 45, were faint even at long
xposures using ECL (not shown).
Effect of Caspase Inhibitors on the Caspase
Substrates DFF 45 and PARP
The various caspase inhibitors exhibited different relative
abilities to reduce the extent of PARP cleavage into 80- and
20-kDa bands in differentiating lens epithelial cell cultures
(Fig. 7). Inhibitors of caspase-1 and -8 were ineffective in
reducing the extent of PARP cleavage, as judged by the
intensity of the band at 20 kDa. The 20-kDa band in each
case was similar in intensity to that observed in cultures to
which the negative (N) control cathepsin B inhibitor (Z-FA-
FMK) was added. A general (G) inhibitor of caspases (Z-
VAD-FMK) did not have a significant effect on reducing the
intensity of the 20-kDa band compared to the control.
However, the other general inhibitor (Boc-D-FMK) elimi-
nated the 20-kDa band. Inhibitors of caspases-2, -3, -4, and
-6 were also effective in reducing PARP cleavage, since the
20-kDa band was much fainter in these lanes. Finally, an
inhibitor of caspase-9 (Z-LEHD-FMK) eliminated the 20-
kDa band completely.
None of the caspase inhibitors tested, including the
general inhibitors, were able to eliminate or significantly
reduce the intensity of the 30-kDa band representing the
cleaved form of the DFF 45 subunit. However, with
caspase-9 inhibitor and the general inhibitor, Boc-D-FMK,
bands were also present at 40 or 45 kDa in addition to 30
kDa, suggesting that these caspase inhibitors had reduced
the extent of cleavage of DFF 45 somewhat, but not signifi-
cantly.
The stripping of nitrocellulose sheets and reprobing of
these sheets with antibodies to d-crystallin confirmed that
the addition to cultures of caspase inhibitors did not affect
d-crystallin synthesis in lens epithelial cell cultures, since
s of reproduction in any form reserved.
150 Wride, Parker, and SandersFIG. 5. Caspase inhibitors have differential effects on the number of TUNEL-labelled degenerating nuclei when added to lens
epithelial cell cultures. (A) Double labelling for b-crystallin and TUNEL in a lens epithelial cell culture. A large lentoid is shown
(arrowhead) and this contains numerous TUNEL-labelled nuclei (arrowhead). Magnification bar, 25 mm. (B) The effect of each inhibitor
is compared against a control in which 0.2% DMSO alone was added to cultures. This was considered the 100% value in each case
and the effect of each caspase inhibitor was normalised to this value so that the results of different experiments could be compared.
Error bars indicate SEM; *P , 0.01.
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151Caspases and bcl-2 Family Members in the Lensthe intensity of the bands was similar in the presence of
each inhibitor.
DISCUSSION
In the present study, we have provided support for the
proposal (Fromm and Overbeek, 1997; Lang, 1997; Dahm et
al., 1998; Ishizaki et al., 1998; Wride and Sanders, 1998) that
egeneration of lens fibre cell nuclei during development
ay share many characteristics (both morphological and
iochemical) with apoptosis. On the other hand, Bassnett
nd Mataic (1997) have concluded that the disappearance of
ens fibre cell nuclei differs significantly from the process of
lassical apoptosis in terms of its time course and the
equence of events. These authors have proposed a model in
hich a build-up of metabolic waste products, a drop in
ytoplasmic pH, and a fall in oxygen tension, due to the
ncrease in size of the lens, may act as a trigger for nuclear
egeneration in lens fibres. However, our previous work has
FIG. 6. Western blotting reveals expression of caspase substrates
in chick embryo lenses. The caspase substrate PARP is seen as a
112-kDa band at ED 16 and is proteolytically cleaved to an
approximately 80-kDa band at this stage. PARP is faintly expressed
at ED 12 and is not significantly expressed at ED 8. Throughout the
period studied, the antibody also recognised a 20-kDa band which
is slightly more intense at ED 16, compared to ED 8 and ED 12.
This also represents a proteolytic cleavage product of PARP.
Antibody preabsorbed with control peptide fails to reveal bands at
ED 16. The caspase substrate DFF 45 has been cleaved, as revealed
by the 30-kDa band, thereby releasing the active DFF 40 subunit
(see text). The 30-kDa band is expressed faintly at ED 8, but is
expressed strongly at ED 12 and ED 16, when DNA fragmentation
is occurring.emonstrated that TNFa and its receptors, expressed in the
developing lens fibre cells, may act as a trigger for nuclear t
Copyright © 1999 by Academic Press. All rightegeneration in the chick embryo lens (Wride and Sanders,
998).
Two recent reports have highlighted a possible involve-
ent for members of the bcl-2 family and caspases in the
egeneration of nuclei in the developing lens fibres (Fromm
nd Overbeek, 1997; Ishizaki et al., 1998). Fromm and
verbeek (1997) demonstrated that lens-specific overex-
ression of bcl-2 in the mouse embryo resulted in a number
f effects on lens development including inhibition of fibre
ell denucleation. These authors concluded that lens fibre
enucleation might require the function of genes involved
n apoptosis whose activity could be inhibited by the
verexpressed bcl-2. Ishizaki et al. (1998) provided several
ines of evidence that lens fibre differentiation in rats
equires some of the components of the programmed cell
eath machinery. Ishizaki et al. also demonstrated that the
aspase substrate PARP is cleaved during lens fibre differ-
ntiation and that a general peptide inhibitor of caspases
nhibited both PARP cleavage and denucleation of lens fibre
ells in culture.
In the present study, we have expanded on these obser-
ations, using the chick embryo lens as a model system, by
FIG. 7. Western blotting reveals that caspase inhibitors affect
cleavage of PARP but not of DFF in chick embryo lens epithelial
cell cultures. Inhibitors of caspases-2, -3, -4, -6, and -9 are effective
in reducing the proteolysis of 116-kDa PARP into the 20-kDa
cleavage fragment, compared to the negative control (N). The
general (G) inhibitor Boc-D-FMK was also effective in eliminating
the 20-kDa band, whereas the general (G) inhibitor Z-VAD-FMK
was less effective. Caspase inhibitors were not significantly effec-
tive in removing or reducing the intensity of the 30-kDa cleaved
form of DFF 45. Staining of the same blot for d-crystallin confirmed
hat similar amounts of protein were added to each lane.
s of reproduction in any form reserved.
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152 Wride, Parker, and Sandersdemonstrating that lens fibre cell nuclear degeneration in
the chick embryo involves pathways that are also involved
in apoptosis. We provide evidence that apoptotic pathways
are activated in the developing lens fibres and that these
pathways may be dependent on the caspase activation
cascade. Our results also suggest that pathways involving
members of the bcl-2 family (possibly acting through mito-
chondria, as suggested by Dahm et al., 1998) and non-
caspase proteases may also have a role in the regulation of
lens fibre cell denucleation.
Members of the Bcl-2 Family Are Expressed
in the Developing Lens
There are several striking observations relating to the
spatiotemporal distribution of proapoptotic and antiapop-
totic members of the bcl-2 family that imply a role for them
in the regulation of lens fibre cell nuclear degeneration.
The pronounced reduction in bcl-2 expression in the core
of the lens at ED 16 coincides with the degeneration of
nuclei that begins at the boundary zone between the cells in
the organelle-free zone (in the centre of the lens) and the
outer cells that still possess their nuclei (Bassnett and
Mataic, 1997; Wride and Sanders, 1998). This pattern is
reflected in Western blots, which show the disappearance of
the 26-kDa bcl-2 band at ED 16.
Bax expression, on the other hand, is up-regulated as
development of the lens and nuclear degeneration proceeds.
Again, this pattern of staining is reflected in Western blots
that show the appearance of the 21-kDa bax band at ED 16.
There is some immunocytochemical staining for bad
(which is proapoptotic) in the annular pad cells (the reason
for which remains undetermined), but most bad immuno-
reactivity localises to the boundary region of the organelle-
free zone. Bassnett and Mataic (1997) pointed out that this
is the region in which nuclear degeneration begins and
becomes completed after a few days. It is possible, there-
fore, that bad could have an important role to play in
promoting nuclear degeneration in this region.
Bcl-xs/l has a distribution similar to that of bad in that it
is expressed at the boundary region of the organelle-free
zone at ED 16, again highlighting a potentially important
role for it in lens fibre cell denucleation in this part of the
lens. Furthermore, Western blotting provides additional
insights into the involvement of Bcl-xs/l in this process. The
0-kDa bcl-xl (antiapoptotic) is the main band at ED 8,
while by ED 16 bcl-xs (proapoptotic) is the major band. It is
resumably this short form that we observe at ED 16 at the
oundary of the organelle-free zone using immunocyto-
hemistry. Interestingly, it has been demonstrated that
uring apoptosis there are interactions between bad and
cl-xl. When the two proteins bind to each other they
nhibit each other, but when bad becomes phosphorylated it
ecomes antiapoptotic rather than proapoptotic and can
ecome sequestered by binding proteins, which prevents its
bility to inhibit bcl-xl (Zha et al., 1996; del Peso et al.,
1997; Datta et al., 1997). Considering their overlapping
Copyright © 1999 by Academic Press. All rightlocalisations in the lens, it is possible that interactions
between bad and bcl-xl are also occurring in the lens to
contribute toward the regulation of lens fibre cell nuclear
degeneration.
The presence of bcl-2 family members within particular
regions of cells has been shown to result in heterodimer-
ization between members of this family and this het-
erodimerization influences the apoptotic activities of the
proteins involved (Oltvai et al., 1993). In view of the fact
that pro- and antiapoptotic members of the bcl-2 family are
expressed in the lens, it is likely that heterodimerization
between members of this family within the lens, particu-
larly within the boundary region of the organelle-free zone,
may be of importance for their effects on the regulation of
lens fibre cell denucleation. Further studies should there-
fore address the nature of the interactions between mem-
bers of the bcl-2 family and their subcellular distributions
in various regions of the developing lens. In addition, in
view of the effects of phosphorylation on bad activity, it
will be important to investigate the effects of phosphoryla-
tion on the activity of bcl-2 family members in the lens.
Finally, the effects on secondary lens fibre cell denucleation
of overexpression of human bcl-2 in the developing lens,
using the replication-competent avian sarcoma virus, are
currently under investigation in our laboratory.
Caspases Are Expressed in the Chick Embryo Lens
and Various Caspase Inhibitors Inhibit Lens Fibre
Cell Denucleation
Here, we have presented for the first time evidence that
caspases are expressed in the developing lens fibre cells.
Caspase-1 is expressed in the outer (cortical) secondary lens
fibre cells. It is likely that this immunoreactivity is that of
uncleaved pro-caspase-1, since lens fibre nuclei are not
degenerating in these cells of the outer cortex (Bassnett and
Mataic, 1997; Wride and Sanders, 1998). The immunoreac-
tivity observed in the core organelle-free zone of the lens
could represent the active cleaved form of this caspase. This
is supported by the Western blot data showing that by ED
16 the antibody recognises pro-caspase-1 at 43 kDa as well
as a 20-kDa proteolytic cleavage product. Using affinity
blotting, with the biotinylated general caspase inhibitor, a
20-kDa band was most intense at ED 16, again suggesting
caspase-1 activation at this stage. The variations in label-
ling intensity of the 43-kDa band at EDs 12 and 16 using
affinity blotting and Western blotting could be explained by
differences in sensitivity between these two alternative
methods.
Caspase-3 immunoreactivity is also observed in the lens
in the cortical lens fibres, but it is absent from the centre of
the lens. Western blotting revealed a 32-kDa band, repre-
senting the uncleaved form of this caspase, while a 17-kDa
cleavage product appears at ED 12 and ED 16. These
observations are supported by the affinity blotting data in
which proteolytic cleavage of the 32-kDa pro-caspase-3
results in the appearance of a 17-kDa cleavage product at
s of reproduction in any form reserved.
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153Caspases and bcl-2 Family Members in the LensED 12, which persists at ED 16. Thus, proteolytic cleavage
and activation of caspase-3 occur during lens fibre cell
differentiation and begin between ED 8 and ED 12.
In addition, the pattern of immunoreactivity for caspases
-2, -4, and -6 was identical to that of caspase-3, suggesting
that these caspases might also be involved in a proteolytic
cascade accompanying lens fibre cell differentiation and
denucleation. Indeed, this suggestion is supported by the
observation that bands at the correct molecular weights for
caspases-2 and -4 (43 and 56 kDa, respectively) were ob-
tained using Western blotting. In the case of caspase-4, it
would appear that it may have a role in the early stages of
lens fibre denucleation, since there are several bands at
around 25 to 35 kDa, which progressively disappear as
development proceeds.
A role for a number of different caspases in lens fibre cell
nuclear degeneration was confirmed by the addition of
cell-permeable peptide inhibitors of caspases to differenti-
ating lens epithelial cell cultures. Inhibitors to caspase-1,
-2, -4, -6, and -9 were all effective in significantly reducing
the extent of TUNEL labelling in the cultures, suggesting
that these caspases all have roles to play in the process of
lens fibre cell denucleation in the chick embryo.
Ishizaki et al. (1998) previously used a general inhibitor of
caspases (Z-VAD-FMK) and demonstrated that it caused a
significant reduction in the number of TUNEL-labelled
nuclei in cultures. Using chick lens epithelial cultures, we
have presented findings similar to those of Ishizaki et al.
These authors observed a 78% reduction in the number of
TUNEL-labelled nuclei in their cultures compared to con-
trol cultures, while we observed a 70% reduction in
TUNEL labelling compared to control cultures in the pres-
ence of the same inhibitor.
The fact that the caspase-3 inhibitor that we used did not
bring about a significant reduction in TUNEL labelling
contradicts the results of Ishizaki et al. (1998) who have
proposed a major role for caspase-3 in rat lens differentia-
tion. Also, we have shown that caspase-3 is cleaved and
activated during lens fibre differentiation using affinity
blotting and Western blotting. It seems likely, therefore,
that in our experiments at least one other caspase can
functionally replace caspase-3 in the lens cultures when it
is inhibited.
Interestingly, caspase-8 inhibitor did not bring about a
significant reduction in TUNEL labelling in lens cultures.
This is particularly pertinent in view of our previous work
suggesting that TNFa expression in the lens could be the
trigger for lens fibre cell nuclear degeneration (Wride and
Sanders, 1998). One pathway of TNFR1 activation of cell
death is through caspase-8 binding to the intracellular
domain of TNFR1 via TRADD and FADD (reviewed by
Ashkenazi and Dixit, 1998). However, recent work reveals
that TNFR1 can also engage an alternative adaptor protein
called RAIDD or CRADD (Duan and Dixit, 1997; Ahmad et
al., 1997), which binds to the death domain of the TNF
receptor-interacting protein, which in turn binds to
caspase-2, to activate cell death. Since, in the present study,
c
Copyright © 1999 by Academic Press. All rightaspase-2 inhibitor significantly reduced TUNEL labelling
n lens epithelial cell cultures, it is possible that any
NFa-mediated activation of caspases during lens fibre cell
uclear degeneration might occur through this caspase-2
athway, rather than through caspase-8.
There was a slight, but less significant (0.01 , P , 0.05)
ecrease in TUNEL labelling using the control cathepsin B
nhibitor (Z-FA-FMK). Cathepsins are cysteine proteases
hat have been immunocytochemically localised to lenses
nd other ocular tissues (Yamada et al., 1990). Therefore, in
he light of the present results, it is possible that cathepsins
ould, in addition to caspases, have a role in protein
atabolism during secondary lens fibre differentiation. Re-
ated to this observation, it is interesting that even in the
resence of high caspase inhibitor concentrations, TUNEL
abelling of degenerating nuclei in culture could not be
ompletely abolished (about 30% of control labelling re-
ained). This might suggest that there are caspase-
ndependent pathways present in the lens that regulate lens
bre cell nuclear degeneration. For example, it has been
hown that dimerization of bax results in organelle damage
hrough the channel-forming activity of this dimer (re-
iewed in Adams and Cory, 1998; Green and Reed, 1998). In
ddition, the recent report of an involvement for non-
aspase proteases in chromatin degradation during apopto-
is (Hughes et al., 1998) would support this suggestion of an
nvolvement of caspase-independent pathways in chick
ens fibre cell denucleation.
Caspase Substrates Are Expressed in the
Developing Lens and Caspase Inhibitors Influence
Their Cleavage in Lens Epithelial Cell Cultures
In agreement with Ishizaki et al. (1998), we have demon-
trated here the presence and cleavage of PARP in the
eveloping lens using Western blotting. Cleavage of PARP
y caspases during lens fibre differentiation would lead to a
educed ability to repair DNA during secondary lens fibre
enucleation. Indeed, a loss of the ability to repair DNA has
een suggested to have a role in DNA fragmentation during
his process (reviewed by Wride, 1996). Ishizaki et al. (1998)
roposed that caspase-3, or a member of the caspase-3
amily, may have a role in PARP cleavage during rat lens
bre denucleation. Although it reduced the intensity of the
0-kDa band, in our experiments caspase-3 inhibitor did not
bolish PARP cleavage completely. Indeed, not all caspase
nhibitors affected PARP cleavage in our lens cultures in a
imilar way. Caspase-9 inhibitor was the most effective
nhibitor in that it eliminated the 20-kDa PARP cleavage
roduct. This was comparable to the effect seen with the
eneral caspase inhibitor Boc-D-FMK, in which this band
as also eliminated. Therefore, it is likely that a combina-
ion of various effector caspases is involved in PARP cleav-
ge during chick lens differentiation and that caspase-9 may
e an important upstream regulatory caspase in this pro-
ess.
DFF is present in cells as a complex of two subunits, DFF
s of reproduction in any form reserved.
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154 Wride, Parker, and Sanders45 and DFF 40, and DFF 45 is cleaved to release the active
40-kDa subunit of DFF, which then acts as a nuclease (Liu
et al., 1997, 1998). In lens cultures, a 30-kDa cleavage
product of DFF was revealed in the presence of all the
caspase inhibitors used. There is some controversy in the
literature about which caspases are involved in the activa-
tion of DFF during apoptosis. Following the initial report
that caspase-3 is involved in DFF activation (Liu et al.,
1997), a subsequent paper reported that caspase-3 is dis-
pensable for DFF activation (Janicke et al., 1998). It has
recently been suggested that multiple caspases may be
involved in DFF activation (Tang and Kidd, 1998). However,
the present results suggest that caspases may not have a
role in the cleavage of DFF 45 during lens fibre differentia-
tion. Only in the presence of the caspase-9 inhibitor and the
general caspase inhibitor, Boc-D-FMK, did faint bands ap-
pear at 40–45 kDa, which could represent the uncleaved
DFF 45-kDa subunit. Therefore, non-caspase proteases may
also be involved in DFF 45 cleavage in the differentiating
chick lens. The addition of a battery of non-caspase protease
inhibitors, such as those used by Hughes et al. (1998), to
lens epithelial cell cultures may be informative in ascer-
taining if non-caspase proteases may be of importance in
cleavage of DFF 45 in this system. Finally, it has been
demonstrated that bcl-xl can prevent DFF activation and
DNA fragmentation in apoptotic cells, suggesting that
interactions exist in apoptotic cells between bcl-2 family
members, caspases, and DFF 45 (Granville et al., 1998), and
the same may be true in the developing lens.
Concluding Comments
Bcl-2 and bax knockout mice have been made (Veis et al.,
1993; Nakayama et al., 1994; Kamada et al., 1995; Knudson
et al., 1995), but these reports have not looked primarily at
possible effects on the degeneration of lens fibre cell nuclei.
A number of caspase knockouts have also been created and,
again, effects on lens differentiation have not been reported
(Kuida et al., 1995, 1996, 1998; Allen et al., 1995; Bergeron
t al., 1998; Hakem et al., 1998; Wang et al., 1998; Woo et
l., 1998). However, Ishizaki et al. (1998) have pointed out
hat the lenses of caspase-3-deficient mice (Kuida et al.,
996) appear to have a greater number of nuclei at the
entre than control mice. The only recent report of a
nockout of a molecule involved in apoptosis for which
ffects on lens differentiation were reported was that of
paf-1, the vertebrate homologue of the product of the
ed-4 gene of Caenorhabditis elegans (Cecconi et al., 1998),
although specific effects on denucleation of lens fibres were
not noted, since mice usually died in utero at ED 16.5, a
stage just prior to lens denucleation in mice. Thus, in view
of the findings reported here, it would seem worthwhile to
reinvestigate the lenses of bcl-2 family and caspase knock-
outs for putative effects on lens fibre cell denucleation.
However, the redundancy present amongst both the bcl-2
and the caspase families may mean that multiple bcl-2
Copyright © 1999 by Academic Press. All rightamily and/or caspase knockouts may be more informative
ith specific regard to studies of lens fibre denucleation.
In summary, the present results suggest an involvement
or members of the bcl-2 family and caspases in chick lens
bre cell denucleation and support the proposal that this
rocess has many parallels with the biochemical events of
poptosis.
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